Background: Peptidoglycan (PGN) recognition proteins (PGRPs) are important pattern recognition receptors of the host innate immune system that are involved in the immune defense against bacterial pathogens. PGRPs have been characterized in several fish species. The PGN-binding ability is important for the function of PGRPs. However, the PGRP-PGN interaction mechanism in fish remains unclear. In the present study, the 3-D model of a long PGRP of half-smooth tongue sole (Cynoglossus semilaevis) (csPGRP-L), a marine teleost with great economic value, was constructed through the comparative modeling method, and the key amino acids involved in the interaction with Lys-type PGNs and Dap-type PGNs were analyzed by molecular dynamics and molecular docking methods. Results: csPGRP-L possessed a typical PGRP structure, consisting of five β-sheets and four α-helices. Molecular docking showed that the van der Waals forces had a slightly larger contribution than Coulombic interaction in the csPGRP-L-PGN complex. Moreover, the binding energies of csPGRP-L-PGNs computed by MM-PBSA method revealed that csPGRP-L might selectively bind both types of MTP-PGNs and MPP-PGNs. In addition, the binding energy of each residue of csPGRP-L was also calculated, revealing that the residues involved in the interaction with Lys-type PGNs were different from that with Dap-type PGNs. Conclusions: The 3-D structure of csPGRP-L possessed typical PGRP structure and might selectively bind both types of MTP-and MPP-PGNs, which provided useful insights to understanding the functions of fish PGRPs.
Introduction
Pattern recognition receptors (PRRs) are important molecules of innate immunity that can specifically recognize conserved molecular patterns present in pathogens but absent in the host [1] . To data, a number of PRRs have been identified in teleosts, including Toll-like receptors [2] , retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) [3] , NOD-like receptors (NLRs) [4] , C-type lectin [5] , and peptidoglycan recognition proteins (PGRPs) [6] .
PGRPs were first purified from the silkworm Bombyx mori hemolymph according to their high affinity to peptidoglycan (PGN), the essential cell wall component of almost all bacteria [7] . Then, PGRPs were identified from several invertebrates and vertebrates. Depending on the length of their amino acids, PGRPs were divided into three types: short PGRPs (PGRP-S), long PGRPs (PGRP-L), and intermediate PGRPs (PGRP-I). The short and long PGRPs are present in all species, while intermediate PGRPs were only reported in mammals [6] .
All the PGRPs possess at least one conserved PGRP domain at their N-terminals, which is approximately 160 amino acids in length. Structurally, PGRPs are similar to type 2 bacteriophage amidases, containing three peripheral α-helices and several central β-sheet strands [6] . The front face of the PGRPs form a PGN-binding groove, and many amino acid residues that are important for the functioning of PGRPs are found in this groove [8] . However, different PGRPs exhibit different PGN-binding ability toward Lys-PGN and Dap-PGN. For example, Drosophila PGRP-SA could bind Lys-PGN [9] , while PGRP-LC and PGRP-LE bind Dap-PGN [10] . Similar results were also found in mammalian PGRPs. Human PGLYRP1 could bind Lys-PGN and Dap-PGN [11] , while PGLYRP3 only bind Lys-PGN [12] . Structural analysis of PGRPs provide solid basis for fully understanding the specific mechanism for PGRPs binding different PGNs.
Fish are lower vertebrates inhabiting the aquatic environment and serving as an essential link to early vertebrate evolution. It had been found that fish might possess a more complex immune system than previously believed [13, 14] . To date, PGRPs have been identified in several fish species, such as zebrafish [15] , grass carp [16] , and rainbow trout [17] . Fish PGRPs have PGN-binding ability, amidase activity, and direct bactericidal activity [15, 16, 17] . However, the molecular basis for the interaction between fish PGRPs and PGNs remain unclear.
Homology modeling method is a convenient method for constructing an atomic resolution model of the protein from its amino acid sequence and an experimental 3-D structure of a related homologous protein. Using this method, the structures of many important immune molecules, e.g., interleukin (IL)-22 [18] and nucleotide binding and oligomerization domain (NOD) 2 [19] , had been constructed, and the interactions with their ligands were also elucidated.
In the present study, the 3-D structure of a long PGRP from half-smooth tongue sole (Cynoglossus semilaevis) (csPGRP-L), a marine teleost with great economic value in China and other Asian countries [20] , was constructed using the comparative modeling method. The molecular interaction between csPGRP-L and PGNs were studied using molecular docking, molecular dynamics (MD) simulations, and molecular mechanics/Poisson Boltzmann surface area (MM/PBSA) methods. This study elucidates the structural and dynamics properties of csPGRP-L and the molecular basis for csPGRP-L-PGN complex, giving first insights into the PGRP-PGN interaction mechanism in teleosts.
Materials and methods

Homology modeling and MD analysis of csPGRP-L
The crystal structures of human peptidoglycan recognition protein PGRP-S (PDB code: 1YCK) was selected as the template protein to build the structure of csPGRP-L. Homology modeling was performed using the Prime module of Schrödinger software [21] . Ramachandran plot was used to test the reliability of the structure.
The MD simulation system of csPGRP-L was built and run using GROMACS package 5.1 using AMBER99SB force field [22] . The amino groups were fully protonated (Lys, Arg, and N-terminal), and the carboxylic groups were deprotonated (Asp, Glu, and C-terminal). The protein was placed in a cubic box whose surface to the closest atom of the solute was set to 1.2 nm. Subsequently, TIP3P water molecules were filled in the box, and the system was neutralized with 0.10 M NaCl. The obtained system was first energy minimized using the steepest descent algorithm to remove steric clash. Then, 200 ps NVT (constant temperature, constant volume ensemble) and 500 ps NPT (constant temperature, constant pressure ensemble) MD simulations were carried out with position restrictions on protein successively. Finally, the production MD was run for 30 ns at 300 K using the V-rescale method. The pressure was kept at 1 atm using a Parrinello-Rahman barostat. Long-range electrostatic interaction was considered using the particle mesh Ewald method. Trajectories were saved every 20 ps. The final structure was extracted and used for further docking calculations.
Molecular docking of PGN ligands with csPGRP-L
The minimized structure of csPGRP-L from MD simulation was adopted as receptor. The binding site was identified using SiteMap module [23] , and the receptor grid was generated using the obtained binding site with a box size of 20 Å. The ligand structures of muramyl tripeptide (MTP), muramyl tetrapeptide (MTrP), and muramyl pentapeptide (MPP) were taken from PDB databank (PDB ID: 1TWQ, 4KNL, and 2APH, respectively). The lysine residues at the third position were replaced with Dap using Maestro build tools. The structures of ligands were prepared using the LigPrep module [24] . The possible ionization state at pH 7.0 ± 2.0 was determined using the Epik method. The OPLS-2005 forcefield was used to produce the low-energy conformer. Molecular docking calculations were carried out using the Glide module of Schrödinger software at standard precision [25] .
Binding free energy calculation
Six csPGRP-L-PGN complexes obtained by molecular docking were used as the initial structures for MD simulations. The topology parameters of ligands were derived using the RESP (Restrained Fig. 1 . Sequence alignment of LPGPR with the template PDB 1YCK.
ElectroStatic Potential) method with General Amber Force Field. The calculation steps and parameter setup were the same as that of csPGRP-L calculation. Production of MD simulation lasting for 20 ns were performed for each complex. The binding free energies between PGN fragments and csPGRP-L were calculated using the MM/PBSA method. MM-PBSA calculations were performed on the last 5-ns trajectories by using g_mmpbsa tool embedded in GROMACS software [26] . The selected nonpolar solvation model is based on the solvent-accessible surface area (SASA) with probe radius 1.4 Å.
Results and discussion
Structure construction of csPGRP-L
The sequence alignment of csPGRP-L with the template protein is shown in Fig. 1 . 1YCK was the experimental structure of human PGLYRP1 [12] . Both 1YCK and csPGRP-L contained one PGRP domain at their C-terminal (313-481 aa), which was essential for PGN binding [27] . Thus, only residues 313~481 were constructed using 1YCK as the template protein.
It was found that all PGRPs consisted of multiple α-helices and β-sheet structures. For example, human PGRP-Iα and camel PGRP-S contain five β-strands and three α-helices [12, 28] , whereas Drosophila PGRP-SD contains six β-strands and three α-helices [29] . In this study, we found that csPGRP-L consisted of five β-strands and four α-helices, similar to that of the template protein ( Fig. 2A) . However, there were some differences between csPGRP-L and its template protein. The α3 helix of csPGRP-L was not preserved well and was broken in the middle of the range. Compared to its template, the β2 and β3 of csPGRP-L were obviously elongated, while β1 and β5 of csPGRP-L were shortened, and the bent region between them disappeared. In addition, α4 of 1YCK was absent from csPGRP-L. Furthermore, only two disulfide bonds were found in csPGRP-L (Cys313-Cys440 and Cys353-Cys359), and three disulfide bonds were present in the template protein (Fig. 2B) . The obtained structures were validated by Ramachandran plot (Fig. S1) , and the result showed that most of the residues occurred in the favored or allowed regions and that only two residues (Asn408 and Arg434) appeared in the disallowed region. This indicated that our built models were reasonable and could be used for further analysis. Fig. 3 shows the stability parameters of csPGRP-L; it can be seen that the RMSD values of csPGRP-L model increased rapidly to 0.16 nm and then fluctuated around it. The fluctuation became steady after 20-ns MD, suggesting that the system was equilibrated. Radius of gyration analysis presented an average Rg value of 1.51 nm, and the fluctuation ranged from 1.5 to 1.53 nm, revealing a good equilibration for the csPGRP-L model. RMSF analysis showed that most of the residues had a value less than 0.2 nm, except the loop regions and the C-terminal. The N-terminal region did not display a large RMSF value, which was due to the disulfide bond formed by the CYS313 and Cys440. All these analyses indicated that the csPGRP-L model was well equilibrated during the 30-ns MD simulation.
Molecular docking of PGN fragments with csPGRP-L
Molecular docking calculations were performed between PGN fragments and csPGRP-L. The docking results are presented in Table 1 , and the binding modes are shown in Fig. 4 . The docking score of Lys-type PGN was lower than that of its corresponding Dap-type PGN, except for MTrP. MTrP-Lys and MTrP-Dap had similar docking scores.
The binding poses of Lys-and Dap-type muramyl peptides were in an extended conformation at the deep end of the binding cleft and were well in agreement with previous studies [27, 30] . For the six PGN-csPGRP-L complexes, van der Waals interaction was stronger than Coulombic interaction and dominated in the whole interaction. All these PGN fragments created 5 to 10 hydrogen bonds with csPGRP-L. Residues that most frequently participated in hydrogen bond formation were His 344, Glu348, Asp373, and His 403, which formed the floor of the binding cleft. The glucose rings of MTP-dap, MTrP-Lys, MTrP-Dap, and MPP-Lys had similar binding modes with csPGRP-L, and the three hydroxyl groups of glucose rings formed three hydrogen bonds with His344, His370, and His403. Three hydrogen bonds were also observed between the muramyl moiety and human PGRP-Iα [12] . The Lys residues in MTP-Lys and MPP-Lys directed to Glu348 and Asp362, while that in MTrP-Lys faced Asp373. The amino cations of MTP-Dap and MTrP-Dap faced Asp373, while that of MPP-Dap faced Glu348. These results revealed that Glu348 and Asp362 might play important roles in the csPGRP-L selective binding to Lys-PGN and Dap-PGN. Our results also revealed that csPGRP-L might bind both types of PGNs. Similar results were also observed in other fish species, e.g., grass carp PGRP6 could bind Lys-type PGNs and Dap-type PGNs [16] .
MD simulations of PGN-csPGRP-L complexes
The RMSDs of backbone atoms over simulation time for PGN-csPGRP-L complexes are shown in Fig. 5 . The MTrP-Lys, MPP-Lys, and MPP-Dap displayed larger deviation than other PGNs. The RMSD rapidly increases to 0.15 nm at 4 ns, then fluctuated, and, finally, equilibrated at approximately 15 ns. The RMSD of the other three PGN complexes showed relative plateau with a slight backbone deviation of less than 0.1 nm. All residues had a RMSF value of less than 0.3 nm except residues 405 and 407, which were located at the loop region between β3 and β4. All the above indicated that all these PGN-csPGRP-L complexes were well equilibrated during MD simulations.
Binding free energies of PGN-csPGRP-L complexes
The binding free energies between PGN fragments and csPGRP-L model were calculated using the MM-PBSA method. Table 2 lists the calculated energy terms including electrostatic, van der Waals, polar solvation, and SASA energies and the whole binding free energies. It could be seen that in PGN and csPGRP-L interaction, van der Waals and SASA were negative and polar salvation terms were positive for all PGN complexes. That is, van der Waals and SASA favored the binding, while the polar salvation terms opposed the binding. The electrostatic energy was calculated to be positive for MTrP-Lys complex, while it was negative for other PGN complexes, resulting from the poor binding free energy of MTrP-Lys complex.
Our results confirmed that van der Waals interaction was the predominant contributor to the whole free binding energy for all the complexes, which was considered the most significant interaction between PGNs and receptors and might be crucial for PGN fragment recognition. Similar results were also observed in human PGRP1 [10] and buffalo PGRP1 [30] . It was noteworthy that both MTrP-Lys and MTrP-Dap had positive binding energies, while the binding energies of the other PGN complexes were all negative. This indicated that csPGRP-L could bind both types of MTP and MPP, revealing that csPGRP-L might selectively bind MTP and MPP PGNs.
To further investigate which residues of csPGRP-L played key roles in the binding of PGN, the binding interaction energies were decomposed to each residue, and the results are listed in Table S1 and Table S2 . It was evident that the Dap-and Lys-type PGNs had different residue contributions. Regarding the Lys-type PGN complexes, the acidic residues Glu328, Glu348, Asp362, Glu372, Asp373, Asp378, Asp388, Glu393, and Asp481 of csPGRP-L were involved in the attraction interaction to stabilize the complexes (Table S1 ), while the basic residues Arg319, Lys325, Arg361, Lys364, Arg368, Arg374, Arg395, Arg402, and Arg405 contributed to the repulsion interaction to oppose the binding (Table S2 ). The absolute values of residue contributions for Lys-type PGN complexes were much larger than those for Dap-type PGNs complexes, and the stronger stabilization energy and destabilization energy counteracted each other. Unlike the Lys-type PGNs, Dap-type PGNs interacted with a variety of residues, among which Thr346, Arg361, and Phe369 participated in the attraction interactions for all the three Dap-type PGNs (Table S1 ). Phe369 was the most important residue that contributed − 0.75, − 2.22, and − 8.55 kJ/mol to the whole binding energy for MTP-Dap, MTrp-Dap, and MPP-Dap complexes, respectively. It was found that Asn236 and Phe237 are important residues for the ability of some mammalian PGRPs to discriminate between Lys-and Dap-type PGNs [11, 12, 27] . Phe369 of csPGRP-L corresponds to Phe237 of mammalian PGRPs. Thus, we assumed that fish PGRPs have similar amino acid residues as mammalian PGRPs for determining the selective binding of Lys-and Dap-PGN.
Conclusions
In the present study, the 3-D model of csPGRP-L was constructed, and the key amino acids involved in interacting with Lys-and Dap-type PGNs were analyzed in detail. Results revealed that csPGRP-L possessed a typical PGRP structure of five β-sheets and four α-helices. Molecular docking revealed that the van der Waals interaction provided slightly larger contribution than Coulombic interaction in the PGRP-L-PGN complex. Moreover, the binding energies of csPGRP-L-PGNs computed by the MM-PBSA method revealed that csPGRP-L might selectively bind both types of MTP and MPP. Furthermore, the binding energy of each residue of csPGRP-L was also calculated, which revealed that the residues involved in the interaction of Lys-type were different from that of the corresponding Dap-type. Of course, we have to admit that our results were obtained by theoretical computing method, which needs further experimental study to be confirmed. Our study provided useful information to understand the potential functions of vertebrate PGRPs.
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